Introduction {#S0001}
============

Lung cancer is the leading cause of cancer-related mortality worldwide and is associated with an overall 5-year survival rate lower than 16%.[@CIT0001]--[@CIT0004] Non-small cell lung carcinoma (NSCLC) accounts for approximately 75--85% of the total number of lung cancers, of which adenocarcinoma is the main subtype.[@CIT0005],[@CIT0006] Most cases of lung adenocarcinoma, often without obvious clinical symptoms at the early diagnosis, are generally diagnosed with locally advanced or metastatic diseases.[@CIT0007] Moreover, lung adenocarcinoma was not sensitive to conventional chemotherapy. Therefore, a better understanding of the molecular mechanisms of lung adenocarcinoma pathogenesis and the identification of novel therapeutic targets are urgently needed.

The THanatos-Associated Proteins (THAPs) were discovered at the beginning of the 2000s.[@CIT0008],[@CIT0009] A total of twelve human THAP proteins (THAP0-11) have been identified so far. The THAP signature consists of a C2CH module that provides ligands for zinc coordination, four invariant hydrophobic residues and a C-terminus AVPTIF motif that is relatively well conserved within the THAP family.[@CIT0010] The THAP domain allows these proteins to bind to their DNA targets through the formation of multi-protein complexes and the transcription regulation of gene subsets.[@CIT0011] THAP-containing proteins serve as transcriptional regulators linked to cell proliferation, cell cycle progression, mitochondrial function, maintenance of pluripotency, angiogenesis, apoptosis and epigenetic gene silencing.[@CIT0012]--[@CIT0015] Moreover, the deregulation of human THAP proteins has been associated with severe human diseases, including several types of cancers.[@CIT0016]--[@CIT0018] Thanatos-associated protein-7 (THAP7), a member of the THAP family, was first shown to bind to hypoacetylated histone H4 tails via its C-terminal 77 amino acids.[@CIT0019] THAP7 represses transcription by recruiting NCoR/HDAC3 and TAF-Iβ and HiNF-P.[@CIT0019]--[@CIT0021] However, to our knowledge, the role of THAP7 in cancers has not been reported.

In this study, we characterized THAP7 as a tumour promoter in LUAD cells. Moreover, we verified that THAP7 suppressed p21 expression via the deacetylation of histone H3 on its promoter.

Materials and methods {#S0002}
=====================

Patients, tissue specimens, and cell lines {#S0002-S2001}
------------------------------------------

Fourteen pairs of LUAD tissues and corresponding noncancerous adjacent tissues were obtained from patients diagnosed with NSCLC at the Fifth Affiliated Hospital of Sun Yat-sen University. All the involved patients were informed and consent was written and collected. The study was approved by the Clinical Research Ethics Committees of the Fifth Affiliated Hospital of Sun Yat-sen University (No 20190136-L).

Three human lung cancer cell lines (H1299, H1975, and A549) and the human bronchial epithelial cell line BEAS-2B were purchased from the American Type Culture Collection (ATCC) and cultured according to the instructions. The four cell lines used in this study were authenticated by short-tandem repeat analysis, and all cells were cultured within 2 months after thawing.

Vector construction {#S0002-S2002}
-------------------

THAP7 overexpression plasmid was obtained by cloning full-length THAP7 cDNA into the pSin-puro vector. The lentiviral transfer plasmid carrying THAP7 shRNA was established using the Sigma-Aldrich shRNA system (Merck KGaA) according to the manufacturer's instructions. A luciferase reporter vector was generated by cloning the promoter of p21 into the pGL3-basic vector. All recombinant plasmids were verified by DNA sequencing.

Establish stable cell lines {#S0002-S2003}
---------------------------

The lentiviral transfer plasmid delivering THAP7 or shTHAP7 was co-transfected with pMD.2G and psPAX2 into HEK-293T cells for 48 h to allow packaging. The recombinant viruses were subsequently collected and infected into A549 cells or H1299 cells in the presence of 8 µg/ml polybrene. The stable lines were obtained after puromycin (1 µg/ml) selection.

RNA extraction and quantitative real-time (qRT-PCR) {#S0002-S2004}
---------------------------------------------------

The procedures were performed as previously described.[@CIT0004] Briefly, total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. First-strand cDNA was synthesized using the Revert Aid^TM^ First Strand cDNA Synthesis Kit (MBI Fermentas). The primers employed for amplifying THAP7, p21 and GAPDH were validated. The primers used are as follows: *THAP7*, 5'-CAAGACCAAAGGACACAGTTACC-3' (for) and 5'-GTCTGAAAAGGGGCT GCTAAG-3' (rev). *p21*, 5'-CGATGGAACTTCGACTTTGTCA-3' (for) and 5'-GCACAAGGGTACAAGACAGTG-3' (rev). *GAPDH*, 5'-ACAGTCAGCCGCATCTTCTT-3' (for) and 5'-GACAAGCTTCCCGTTCTCAG-3' (rev).

Western blotting {#S0002-S2005}
----------------

Total protein from cultured cells was extracted with RIPA buffer containing protease and phosphatase inhibitors. Equal amounts of protein were subjected to Western blotting as described previously.[@CIT0004],[@CIT0022],[@CIT0023] The primary antibodies used were as follows: anti-THAP7 was purchased from Sigma-Aldrich, anti-p21 was obtained from Cell Signalling Technology (Cambridge, MA, USA), and anti-GAPDH was purchased from Bioworld Company (Nanjing, China).

Cell proliferation {#S0002-S2006}
------------------

Cells were seeded in 96-well plates at a density of 1,000 cells/well and grew for 1, 2, 3, 4, or 5 days. Then, 10 µL of the CCK-8 reagent (Cell Counting Kit-8, Beyotime, China) was added to each well, followed by incubation for 1.5 h. The absorbance at 450 nm was then recorded. For each experimental condition, 6 wells were used.

Colony formation assay {#S0002-S2007}
----------------------

Cells were plated into 6-well plates at 500 cells/well and allowed to culture for 15 days at 37 °C. Then, the cells were stained with Giemsa solution after been washed twice with PBS. The number of colonies containing ≥50 cells was counted under a microscope.

Luciferase assay {#S0002-S2008}
----------------

The assay was carried out as described previously.[@CIT0024],[@CIT0025] Briefly, A549 cells were seeded onto 12-well plates at a density of 3×10^5^/well and transfected with 0.8 µg promoter-luciferase plasmid. To normalize transfection efficiency, the cells were co-transfected with 8 ng pRL-CMV encoding Renilla luciferase. After transfection for 48 h, luciferase activity was measured using a dual-luciferase assay kit (Promega, Madison, WI, USA). Three independent experiments were performed.

Animal experiments {#S0002-S2009}
------------------

All animal studies were performed in accordance with protocols approved by Nanchang University (Nanchang, China). The mice were maintained in specific pathogen-free conditions at a temperature of 20--25 °C and 50--70% humidity under a light/dark cycle of 12 h, with free access to water and food. A total of 12 4-week-old male athymic nude mice were obtained from Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). For subcutaneous injection, 1×10^6^ cells were mixed with 0.2 ml PBS (pH 7.4) and 30% (v/v) Matrigel matrix (BD Biosciences). The suspensions were injected subcutaneously into the flanks of 4-week-old male athymic nude mice. Tumours were excised and weighted after 18 days.

Chromatin immunoprecipitation (ChIP) assay {#S0002-S2010}
------------------------------------------

These procedures were performed as previously described.[@CIT0003],[@CIT0024],[@CIT0025] Briefly, the ChIP assay was performed using a ChIP kit (cat. no. 53008, Active Motif, Carlsbad, CA, USA) as described previously. Briefly, to fix the cells, Complete Cell Fixative Solution (included in kit) was added to the existing culture medium for the cells at 80% confluence at room temperature, and the fixation reaction was stopped by adding Stop Solution (included in kit) to the existing culture medium. The cells were collected by centrifugation at 1,000×g for 5 min at 4 °C. Subsequently, the nuclear pellet was resuspended in ChIP Buffer (included in the kit). The cell lysate was subjected to shearing using a sonication instrument (Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China) to a fragment length of 200--500 bp. Total genomic DNA (input) was quantified, and 20 µg chromatin from each sample was immunoprecipitated overnight at 4 °C with 5 µg anti-H3ac (pan-acetyl) or normal IgG as a negative control. Then, nucleosome complexes were isolated with the protein G agarose beads for 3 h at 4 °C. Bound DNA-protein complexes were eluted, and cross-links were reversed after a series of washes using the washing reagent contained in the ChIP kit. Purified DNA was resuspended in TE buffer. Subsequently, the PCR was performed using PrimeSTAR® Max DNA Polymerase (cat. no. R045A, Takara Bio, Inc.). Thermal cycling of the qPCR reaction was initiated with a denaturation step at 94 °C for 2 min, followed by 35 cycles of denaturation at 98 °C 10 sec, annealing at 60 °C for 15 sec and elongation at 72 °C for 30 sec. The primers for ChIP are as follows: 5'-GGTGTCTAGGTGCTCCAGGT-3' (for) and 5'-GACACAGCACTGTTAGAATG AGCC-3' (rev).

Public data acquisition {#S0002-S2011}
-----------------------

The public Oncomine database (<https://www.oncomine.org/resource/login.html>) was used to explore THAP7 expression in lung adenocarcinoma. The correlations of THAP7 mRNA levels with the overall survival of lung adenocarcinoma patients were analysed using the online KMplot database (http://www.KMplot.com).

Statistical analysis {#S0002-S2012}
--------------------

All statistical analyses were performed using SPSS for Windows, version 16.0 (SPSS). All in vitro data are expressed as the mean ± SD from at least three independent experiments. Student's *t* test was used to estimate the difference between two groups. The Mann--Whitney test was used to assess the expression of *THAP7* in lung adenocarcinoma tissues and normal tissues. Survival was analysed using the Kaplan--Meier method with a log-rank test. A *p*-value\<0.05 was considered statistically significant.

Ethical approval {#S0002-S2013}
----------------

All procedures performed in studies involving human participants were in accordance with the ethical standards of the Clinical Research Ethics Committees of the Fifth Affiliated Hospital of Sun Yat-sen University and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. The animal studies were in accordance with the Animal Ethics Committee of Nanchang University.

Results {#S0003}
=======

THAP7 expression is upregulated in lung adenocarcinoma {#S0003-S2001}
------------------------------------------------------

To explore the role of THAP7 in the progression of lung adenocarcinoma, we first analysed its expression status in lung adenocarcinoma using the Oncomine database. As shown in [Figure 1A](#F0001){ref-type="fig"}, THAP7 was significantly upregulated in lung adenocarcinoma tissues compared with normal tissues. To confirm this result, 14 pairs of LUAD and noncancerous adjacent tissues were collected to examine the expression level of THAP7. Consistently, we found that THAP7 mRNA levels were significantly higher in LUAD tissues than in corresponding adjacent normal tissues ([Figure 1B](#F0001){ref-type="fig"}). We then measured the mRNA and protein levels of THAP7 in lung adenocarcinoma cell lines and the normal human bronchial epithelial cell line BEAS-2B. THAP7 showed increased expression in A549, H1299 and H1975 cell lines compared with normal BEAS-2B cells ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}). To evaluate whether the THAP7 mRNA level is clinically relevant, a large public clinical microarray database of lung adenocarcinoma was subjected to survival analysis. Importantly, we found that individuals with high THAP7 levels exhibited shorter overall survival (OS) ([Figure 1E](#F0001){ref-type="fig"}). Altogether, these results indicated that THAP7 might play a role in tumour promotion.Figure 1THAP7 is upregulated in lung adenocarcinoma samples and is associated with shorter overall survival.**Notes:** (**A**) Meta-analysis of THAP7 mRNA levels in lung cancer samples from the Oncomine database (probe ID: 218492_s\_at, normal, n=20, LUAD, n=226). (**B**) qRT-PCR evaluation of THAP7 expression in LUAD samples compared with adjacent normal tissues (n=14). (**C, D**) The expression of THAP7 was determined in human bronchial epithelial cells (BEAS-2B) and LUAD cell lines, including H1975, A549 and H1299 cells, through qRT-PCR (**C**) and Western blotting (**D**). GAPDH was used as an internal control. The bars correspond to the mean ± standard error. (**E**) Patients with high THAP7 expression exhibited relatively shorter overall survival (OS) according to the KMplot database. \*\*\**P*\<0.001.**Abbreviations:** LUAD, lung adenocarcinoma; qRT-PCR, quantitative real-time PCR; THAP7, Thanatos-associated protein-7.

THAP7 promotes tumour growth in vitro and in vivo in lung adenocarcinoma {#S0003-S2002}
------------------------------------------------------------------------

To further explore the biological function of THAP7 in lung adenocarcinoma cells, we overexpressed THAP7 in A549 cells and knocked down THAP7 in H1299 cells ([Figure 2A](#F0002){ref-type="fig"}). The results showed that the overexpression of THAP7 significantly promoted cell proliferation and colony formation ([Figure 2B](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}). In contrast, THAP7 silencing decreased H1299 cell growth and colony formation ([Figure 2B](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). To verify the role of THAP7 on lung cancer growth in vivo, THAP7 overexpressing A549 cells and control cells were subcutaneously injected into nude mice to establish tumour xenograft. As shown in [Figure 2E](#F0002){ref-type="fig"}, the THAP7 overexpression group showed increased tumour growth compared to the control group.Figure 2THAP7 promotes cell proliferation and colony formation in vitro and tumour growth in vivo in lung adenocarcinoma.**Notes:** (**A**) Western blotting of THAP7 expression in THAP7-overexpressing A549 cells and THAP7-knockdown H1299 cells. (**B**) Cell proliferation was assessed in THAP7-overexpressing A549 cells (left) and THAP-knockdown H1299 cells (right). (**C, D**) The colony formation ability of THAP7-overexpressing A549 cells (**C**) and THAP7-knockdown H1299 cells (**D**) was evaluated. (**E**) Nude mice were transplanted with A549 cells overexpressing THAP7 (n = 6) or empty vector for control (n = 6) for 18 days. Representative image of tumours excised from the mice (upper). Mean tumour weights were calculated (down). \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.**Abbreviations:** THAP7, Thanatos-associated protein-7.

THAP7 promotes the G1/S phase transition {#S0003-S2003}
----------------------------------------

To elucidate the mechanism underlying the tumour promotion effect of THAP7 on LUAD, the cell cycle was analysed by flow cytometry. The results showed that THAP7 overexpression decreased the proportion of G1 cells and increased the proportion of S and G2 cells, while THAP7 silencing caused cell cycle arrest in G1 phase ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). Taken together, these data suggest that THAP7 facilitates cell proliferation via acceleration of the G1/S phase transition.Figure 3THAP7 promotes the G1 to S phase transition.**Notes:** The cell cycles were analysed via ﬂow cytometry in THAP7-overexpressing A549 cells (**A**) and THAP7-knockdown H1299 cells (**B**). \**P*\<0.05, \*\**P*\<0.01.**Abbreviations:** THAP7, Thanatos-associated protein-7.

THAP7 reduced the acetylation of histone H3 on the p21 promoter to inhibit p21 expression {#S0003-S2004}
-----------------------------------------------------------------------------------------

P21 is a key regulator of the cell cycle in human cancer cells.[@CIT0026],[@CIT0027] We thus assessed whether THAP7 promoted cell cycle progression by regulating p21. The results of qRT-PCR and Western blotting revealed that the overexpression of THAP7 decreased both mRNA and protein levels of p21, which, in contrast, increased when THAP7 was silenced ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). Given that p21 is an exceedingly regulated gene and its promoter activity is affected by various pathways,[@CIT0027] p21 promoter activity was estimated. The dual-luciferase reporter assay revealed that the ectopic expression or knockdown of THAP7 significantly decreased or increased the activity of the p21 promoter ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}), suggesting a key role for THAP7 in regulating p21 transcription in LUAD cells. THAP7 has been show to repress transcription by recruiting HDAC3.[@CIT0019]--[@CIT0021] Thus, we performed rescue experiments. As shown in [Figure 4E](#F0004){ref-type="fig"}, knocking down HDAC3 by siRNA partly inhibited the THAP7-mediated suppression of p21 expression, suggesting that that THAP7-mediated suppression of p21 expression partly depends on HDAC3. Furthermore, ChIP assays showed that the overexpression or knockdown of THAP7 decreased or increased histone H3 acetylation in the p21 promoter region ([Figure 4F](#F0004){ref-type="fig"} and [G](#F0004){ref-type="fig"}). Moreover, we detected THAP7 and p21 expression at the mRNA levels and found a negative correlation between THAP7 and p21 in lung cancer tissues ([Figure 4H](#F0004){ref-type="fig"}). Collectively, these results suggest that THAP7 may inactivate p21 transcriptional activity via decreased H3 acetylation in the p21 promoter region.Figure 4THAP7 reduces the acetylation of histone H3 on the p21 promoter to inhibit p21 expression.**Notes:** The expression of p21 was determined by qRT-PCR (**A**) and Western blotting (**B**) in THAP7-overexpressing A549 cells and THAP7-knockdown H1299 cells. A luciferase reporter assay revealed that overexpressing THAP7 in A549 cells or knocking down THAP7 in H1299 cells suppressed (**C**) or increased (**D**) the promoter activity of p21, respectively. (**E**) The promoter activity of p21 in THAP7-overexpressing A549 cells in the presence or absence of HDAC3 knocking down. The acetylation of histone H3, located in the region of the p21 methylation promoter, was examined by ChIP assays in THAP7-overexpressing A549 cells (**F**) and THAP7-knocked down H1299 cells (**G**). (**H**) A negative correlation between THAP7 and p21 mRNA expression in lung cancer tissues. The correlation was analysed with a Pearson's correlation analysis. \**P*\<0.05, \*\**P*\<0.01.**Abbreviations:** ChIP, chromatin immunoprecipitation; qRT-PCR, quantitative real-time PCR; THAP7, Thanatos-associated protein-7.

Discussion {#S0004}
==========

Although the advent of targeted therapies improved the outcomes in a subset of lung adenocarcinoma patients, most patients with metastatic adenocarcinoma received empirical chemotherapy and showed comparatively poor response rates.[@CIT0001],[@CIT0028] Therefore, it is of great importance to understand the molecular mechanisms of lung adenocarcinoma pathogenesis and identify novel therapeutic targets. In the present study, we showed that THAP7 is upregulated in lung adenocarcinoma and associated with worse clinical outcomes. By in vitro and in vivo studies, we revealed that THAP7 promoted tumour cell growth. We, for the first time, provided the evidence that THAP7 might be a promising biomarker and target for lung adenocarcinoma treatment.

A dysregulated cell cycle is often linked to increased tumourigenesis and accelerated tumour growth.[@CIT0029],[@CIT0030] The cell cycle contains cell growth (G1), DNA replication (S), and cell division (G2/M) phases. In general, the control of cell proliferation occurs at the G1 phase, during which the cells integrate multiple signals to determine entry into the S phase or exit to the G0 non-cycling quiescent phase.[@CIT0031] Most human cancers, including LUAD, are considered to develop from the disruption of G1/S cell cycle control.[@CIT0030] Interestingly, we also observed that THAP7 promoted G1/S cell cycle progression and cellular proliferation. A similar observation was obtained for another member of the THAP family, THAP1, which showed the regulation of endothelial cell proliferation through the modulation of pRB/E2F cell cycle target genes.[@CIT0012] In addition, the G1/S transition is controlled by cyclin/cyclin-dependent kinases (CDKs) and associated cyclin-dependent kinase inhibitors (CKIs). p21, a CKI, is a well-known tumour suppressor that regulates cell proliferation, and the dysregulation of p21 is a common feature across different cancer types, including LUAD.[@CIT0032],[@CIT0033] Here, we found that THAP7 reduced p21 transcription, enriching our knowledge of p21 expression regulation.

The epigenetic regulation of gene expression plays a crucial role in the progression of cancers, including lung cancer,[@CIT0034] and histone acetylation plays a key role in gene transcriptional regulation.[@CIT0035],[@CIT0036] Acetylation neutralizes the positive charge of histone lysine residues, producing a related chromatin conformation that allows access of the transcription machinery. In contrast, histone deacetylases (HDACs) could mediate histone deacetylation, which induces a condensed chromatin state and leads to transcriptional repression.[@CIT0037] THAP7 is a chromatin-associated protein, and the THAP domain is considered to exert transcriptional repression by binding to histones and nucleosomes in a tail-dependent manner and associating with chromatin. To explore the molecular mechanisms of the THAP7-mediated suppression of p21 expression, ChIP assays were performed using the anti-H3ac antibody, and the results suggested that THAP7 regulates p21 gene expression by reducing the acetylation of histone H3 on the p21 promoter, which might explain the inhibitory effect of THAP7 on p21 expression in LUAD. However, we still have not found the detailed mechanism by which the THAP7-mediated inhibition of p21 expression depends on other proteins besides HDAC3. These findings imply that THAP7 coordinates p21 signalling via multiple mechanisms.

Conclusion {#S0005}
==========

The present study reports for the first time that THAP7 is upregulated in LUAD tissues and cell lines and is correlated with poor prognosis. Our findings highlight the importance of THAP7 in LUAD cell proliferation and provide evidence that the THAP7-p21 axis might serve as a potential valuable target for treating patients with LUAD.
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